Bulk glassy alloy rods of diameters 18 and 20 mm were formed during the tiltcasting of Zr 60 Al 10 Ni 10 Cu 20 . A further increase in the rod diameter to 22 mm resulted in the formation of a mixed structure with approximately 60 vol% glassy phase and 40 vol% crystalline phase, which comprised the central region of the transverse cross-section of the alloy rod. The glass transition temperature (T g ), onset temperature of crystallization (T x ), and liquidus temperature (T l ) were measured to be 666 K, 768 K, and 1153 K, respectively, and the resultant ÁT x ð¼ T x À T g Þ, T g =T l , and ð¼ T x =ðT g þ T l ÞÞ values were 102 K, 0.578, and 0.422, respectively. The high glass-forming ability of supercooled liquids is attributed to the high resistance of the liquids against crystallization due to the large ÁT x and high T g =T l and values. For the alloy rod of diameter 20 mm, the Young's modulus, yield strength, elastic strain, and plastic strain under a uniaxial compressive load are 80 GPa, 1820 MPa, 0.022, and 0.060, respectively; the plastic strain of the rod with diameter 20 mm is greater than that (0.04) of the glassy alloy rod of diameter 2 mm, although there exist no appreciable differences between their strength levels and fracture behaviors. The success of formation of the large-sized Zr-based bulk glassy alloy rod, which exhibits large plastic strains in conjunction with high strength levels, is promising with regard to further extension of the applications of such highly functional materials.
Introduction
Studies conducted between 1988 and 1990 on multicomponent glassy alloys in Mg-, 1) La-, 2) and Zr- 3) based systems with a large supercooled liquid region of 50-125 K before crystallization have opened up a new field of materials science and engineering, because the high stability of supercooled liquids against crystallization has enabled the production of bulk glassy alloys by using conventional slow cooling processes. [4] [5] [6] During the previous two decades, a large number of bulk glassy alloy systems, exceeding five hundred different varieties, has been developed [7] [8] [9] on the basis of the three component rule for stabilization of supercooled liquids and formation of bulk glassy alloys. 7, 8) However, among these bulk glassy alloy systems, bulk glassy alloys commercialized by utilizing highly functional characteristics have been limited to Zr- 10, 11) and Fe- 12, 13) based alloy systems. In comparison to Fe-based alloy systems, Zr-based bulk glassy alloys can be regarded as the most important alloy systems. Therefore, it is important to accumulate information on the glass-forming ability of Zr-based alloy systems by using conventional casting processes.
For engineering Zr-based bulk glassy alloys, their alloy systems can be classified into Zr-Al-Ni-Cu, 14) Zr-Be-Ti-NiCu, 15) and Zr-Al-Cu-Ag 16) groups, and their Zr contents are 50-70 at%, 41 at%, and 42-48 at%, respectively. It must be noted that only the Zr-Al-Ni-Cu alloy system can be regarded as a typical Zr-based system because of its high Zr content exceeding 50 at%. Recently, we observed that the mechanical ductility and thermal stability of the alloys against annealinginduced embrittlement can be improved by increasing the Zr content to over 60 at% for Zr-Al-Ni-Cu and Zr-Al-Cu bulk glassy alloys. 17, 18) Therefore, it is important to realize a Zrbased bulk glassy alloy with high glass-forming ability and good mechanical properties in the Zr-rich composition range above 60 at%. Bulk glassy alloy rods with diameters up to 16 mm have been developed for Zr 65 Al 7:5 Ni 10 Cu 17:5 by the tilt casting method. 19) We noticed that the maximum diameter of a rod in a Zr-Al-Ni-Cu quaternary system increases to 20 mm if the Zr content is decreased from 65 at% to 60 at% in conjunction with the high stability of the alloy against annealing-induced embrittlement.
This paper aims to present the formation of Zr 60 Al 10 -Ni 10 Cu 20 glassy alloy rods with diameters up to 20 mm by the tilt casting process, in addition to their thermal and mechanical properties; furthermore, it investigates the change in the thermal and mechanical properties of the alloys with respect to variation in the rod diameter.
Experimental Procedure
Alloy ingots with a composition of Zr 60 Al 10 Ni 10 Cu 20 were prepared by arc melting the mixtures of pure metals, with purities of 99.9 mass% for Zr and 99.99 mass% for Al, Ni, and Cu, in an argon atmosphere. The compositions represent the nominal atomic percentages. Cast alloy rods with diameters of 18, 20, and 22 mm and a length of approximately 50 mm were produced by the tilt casting method using copper molds. 20) A small cast alloy rod of diameter 2 mm and length 50 mm was produced for the purpose of comparison by using an injection copper mold casting method. The glassy structure was identified by means of Xray diffraction, optical microscopy (OM), and transmission electron microscopy (TEM). The TEM specimens were prepared by mechanical cutting, followed by electrical polishing, and then low-energy ion milling. The thermal stability associated with the glass transition, supercooled liquid region, and crystallization was examined by means of differential scanning calorimetry (DSC) for a heating rate of 0.67 K/s. The liquidus and solidus temperatures were measured by means of differential thermal analysis (DTA) for a heating/cooling rate of 0.33 K/s in an Ar gas flow in order to prevent the oxidation. The mechanical properties under a uniaxial compressive applied load were examined using an Instron testing machine. The dimensions of the test specimens for the tilt cast alloy rods with diameters of 18 and 20 mm were 2 Â 2 Â 4 mm, and those for the injection cast alloy rod with a diameter of 2 mm were 2 Â 4 mm. The strain rate was fixed at 5:0 Â 10 À4 s À1 . The deformation band and fracture mode were examined by means of scanning electron microscopy (SEM). Figure 1 shows the outer surface and surface morphologies of the cast Zr 60 Al 10 Ni 10 Cu 20 alloy rods with diameters of 18, 20, and 22 mm. These alloy rods exhibit a highly smooth surface and shiny luster. The entire outer surface is neither rugged nor concave. These features indicate the absence of a distinct crystalline phase on the outer surface. Figure 2 shows the X-ray diffraction patterns obtained from the central and near-surface regions in the transverse cross-section of the Zr 60 Al 10 Ni 10 Cu 20 alloys with diameters of 18, 20, and 22 mm. The transverse cross-section corresponds to a site 15 mm away from the bottom surface of the alloy rods. All the diffraction patterns obtained from the near-surface region consist of broad halo peaks without the distinct sharp peak of the crystalline phase. On the other hand, the diffraction patterns obtained from the central region consist of (1) broad halo peaks corresponding to the alloy rods of diameters 18 and 20 mm and (2) superimposed peaks of the crystalline and glassy phases corresponding to the alloy rod of diameter 22 mm. These X-ray diffraction results indicate that the alloy rods of diameters 18 and 20 mm are composed of a glassy phase over their entire transverse cross-sections and that the alloy rod of diameter 22 mm has a glassy phase in its nearsurface region and a mixed structure of crystalline and glassy phases in its central region. The transition from the glassy phase to the mixed structure was identified to occur in the vicinity of approximately 5 mm from the outer surface.
Results

Glass formation
We attempted to confirm the absence of the crystalline phase in the center region of the alloy rods with diameters of 18 and 20 mm by means of optical microscopy. Figure 3 shows the optical micrographs (OMs) of the transverse crosssections of the alloy rods with diameters of 18 and 20 mm. The transverse cross-sections were obtained from nearly the same central site as that used for the X-ray diffraction patterns. The OMs of the alloy rods with diameters of 18 and 20 mm reveal a featureless contrast corresponding to a glassy phase. Moreover, distinct dark contrast dots corresponding to voids and cavities are not visible. The cross-section of the alloy rod with a diameter of 22 mm consists of crystalline dark contrast in the central region and a glassy featureless (bright) contrast in the outer surface region. The volume fraction of the glassy phase was evaluated to be approximately 60% for the alloy rod of diameter 22 mm. Figure 4 shows the TEM bright-field image and selected-area electron diffraction pattern of the central region in the transverse cross-section of the site situated 15 mm from the bottom surface for the alloy rod of diameter 20 mm. The TEM image shows a featureless maze contrast without an appreciable precipitation phase, and the electron diffraction pattern shows halo rings typical of a glassy phase. All the metallographic data demonstrate that the cast alloy rods of diameters 18 and 20 mm are composed of glassy phases. Figure 5 shows the DSC curves of the alloy rods with diameters of 18 and 20 mm. The DSC specimens were obtained from the central region in the transverse crosssection of the sites situated 10, 20, and 30 mm from the bottom surface of the alloy ingot. These DSC curves exhibit the glass transition, followed by a large supercooled liquid region, and then single-stage crystallization. There exists no significant difference between the DSC curves of both the alloy rods. The glass transition temperature (T g ) and onset temperature for crystallization (T x ) for the alloy rod of diameter 18 mm are 666 and 768 K, respectively, and those for the alloy rod of diameter 20 mm are 668 and 768 K, respectively. The resultant temperatures of the supercooled liquid region (ÁT x ) for the alloy rods of diameters 18 and 20 mm are as high as 102 and 100 K, respectively. The good agreement between the thermal stability parameters of the rods indicates that there exists no distinct difference between the glassy structures of the rod with diameter 18 mm and that with diameter 20 mm even in the central region with significantly different cooling rates. Figure 6 shows the DTA curve of the Zr 60 Al 10 Ni 10 Cu 20 bulk glassy alloy rod with a diameter of 20 mm. In addition to the glass transition, supercooled liquid region, and then the crystallization can be observed. The latter two endothermic peaks are due to the two-stage melting of the equilibrium crystalline mixed phases. The appearance of such a two-stage melting phenomenon indicates that the solidification of the Zr 60 Al 10 Ni 10 Cu 20 alloy liquid occurs through two stages; the primary precipitation of the crystalline phase from the liquid starts at approximately 1153 K and then the multi-component eutectic reaction is completed at approximately 1057 K. The reduced glass transition temperature T g =T l and the ð¼ T x = ðT g þ T l ÞÞ parameter 21) 
Thermal stability
Mechanical properties
Figure 7(a) shows the compressive nominal stress-strain curves of the Zr 60 Al 10 Ni 10 Cu 20 glassy alloy. The test specimens were obtained from the site situated 10 to 15 mm away from the bottom side of the cast glassy alloy rod with a diameter of 20 mm. The longitudinal direction of the test specimens was changed such that they were parallel, perpendicular, and declined by 45 to the longitudinal direction of the cast alloy rod, as illustrated in Fig. 7(b) . The three specimens exhibit nearly the same mechanical properties within an elastic elongation limit, i.e., a Young's modulus ranging from 78 to 80 GPa, elastic strain limit of approximately 0.02, and yield strength of 1600-1690 MPa. However, the plastic strain is dependent on the angle of the test specimen to the longitudinal direction of the alloy rod. The plastic strain is 0.05-0.06 for the specimens with angles of 0-45 and 0.03 for specimens with angle of 90 . The variation in the cooling rate with distance from the outer surface in the present tilt casting process is the largest for the perpendicular specimen, followed by the oblique specimen, and then the parallel specimen. This difference in the cooling rate implies that the differences in the structural relaxation and residual stress in the glassy structure are the largest for the perpendicular specimen and the smallest for the parallel specimen. The large differences in the degree of structural relaxation and the level of residual stress along the perpendicular direction of the test specimen are presumed to be the factors responsible for the origin of the smaller plastic strain. Although several additional data are required to obtain a definite conclusion on the variation in the mechanical properties with the angle of the test specimen to the longitudinal direction of the cast alloy rod, the similar mechanical properties exhibited by the parallel and oblique specimens is encouraging for the further advancement of large-scale bulk glassy alloys as practical materials. We further examined the change in the fracture behavior of the compression test specimens with the angle of the specimen to the longitudinal direction of the cast alloy. As an example, Fig. 8 shows the outer appearance of the oblique specimen subjected to compressive fracture and shear deformation markings on the lateral surface near the final fracture site. The final fracture occurred along the maximum shear stress plane, which was declined by approximately 45 to the direction of the applied load. Furthermore, several shear bands can be observed on the lateral surface near the final rupture edge. The plastic deformation caused by the propagation of shear bands is the most significant for the maximum shear stress planes which lie along the parallel direction to the final rupture plane. Figure 9 shows the fracture surface pattern of the oblique specimen. The fracture surface consists of vein and smooth patterns and its feature is almost dependent of the site on the fracture surface. However, the center of the fracture surface consists of mostly typical amorphous vein pattern but the edge of the sample was consists of tough vein patterns (b), (c), (d). We also examined the structure on the fracture surface by using a micro-beam X-ray diffraction method. As shown in Fig. 10 , the X-ray diffraction patterns obtained from the vein and smooth regions consist of only broad halo peaks without distinct, sharp crystalline peaks. This result indicates that the compressive fracture of the specimen obtained from the large scale bulk glassy alloy rod with a diameter of 20 mm occurs in the absence of appreciable deformation-induced crystallization and that there exists no difference between the glassy structures in the vein region and the smooth region. The appearance of the fracture surface observed in this study indicates that the glassy structure of the Zr-based bulk glassy alloy rod is homogeneous over the entire specimen and has high stability against local heating caused by the inhomogeneous shear sliding mode.
Discussion
It is necessary to investigate the glass-forming ability of the Zr 60 Al 10 Ni 10 Cu 20 alloy in the Zr-Al-Ni-Cu quaternary system in comparison with those of Zr 65 Al 7:5 Ni 10 Cu 17:5 19) and Zr 55 Al 10 Ni 5 Cu 30 23,24) alloys, because the bulk glassy alloys in Zr-based systems in which practical applications have already been achieved are limited to two types of ZrAl-Ni-Cu and Zr-Be-Ti-Ni-Cu systems. 25) In particular, it is possible to apply Zr-Al-Ni-Cu bulk glassy alloys without the toxic Be element to the biomedical field as well as the social sustainable field in conjunction with clean earth atmosphere. Table 1 summarizes the thermal data on T g , T x , ÁT x , melting temperature (T m ), liquidus temperature (T l ), ÁT l ð¼ T l À T m Þ, T g =T l and ð¼ T x =ðT g þ T l ÞÞ for the three Zr-Al-Ni-Cu bulk glassy alloys, in addition to the data on the maximum diameter (d m ) for the formation of a glassy alloy rod by the copper mold casting processes, crystallization stage, and primary precipitation phase from the supercooled liquid. As shown in Table 1 , the glass-forming ability is the highest for the 55% Zr alloy, followed by the 60% Zr alloy, and then the 65% Zr alloy. On the other hand, the T g =T l and values are the largest for the 60% Zr alloy, followed by the 55% Zr alloy, and then the 65% Zr alloy. The parameter of the Zr-based alloys appears to be the value of ÁT l , which can be regarded as the degree of approach of the multicomponent eutectic point. This is consistent with the previous data, which indicates that the 55% Zr alloy is located in the vicinity of the quaternary eutectic point, and is classified as a eutectic-type bulk glassy alloy. 26) This result also implies the importance of searching for an alloy composition near a eutectic point in the framework of the multi-component alloy system in which the three component rule for stabilization of a supercooled liquid is satisfied. The good agreement indicates that the maximum diameter of glass formation for the 60% Zr-containing alloys in Zr-Al-Ni-Cu system is nearly constant (20 mm). Thus, it is concluded that the critical value is strongly dependent on the Zr content and independent of fine adjustment of alloy components by the other additional elements. The nearly constant maximum diameter also implies that the Zr-AlNi-Cu base bulk glassy alloys possess high production reliability, which is important for further applications such as engineering structural materials.
Summary
We have attempted to produce large-sized bulk glassy Zr 60 Al 10 Ni 10 Cu 20 alloy rods with the maximum diameters, exceeding 15 mm, by using the tilt casting method. The results obtained are summarized as follows: (1) The bulk glassy alloy rods were formed with diameters up to 20 mm. The further increase in the diameter to 22 mm caused the precipitation of crystalline phases in the central region, although the surrounding outer region was composed of a glassy phase. ( 2) The values of T g and T x were 668 K and 768 K, respectively, and the temperature interval of the supercooled liquid region was 100 K. These thermal stability parameters remained unchanged for diameters up to 20 mm. (3) The mechanical properties were measured for the three types of specimens obtained from the parallel, perpendicular, and oblique directions to the longitudinal direction of the cast alloy rod with a diameter of 20 mm. The specimens were located at the site located 10-15 mm from the bottom surface of the alloy rod. The Young's modulus, elastic strain, and yield strength were approximately 80 GPa, 0.022, and 1680 MPa, respectively, and no distinct difference was observed among the three types of specimens. However, the plastic strain was greater for the parallel and oblique specimens as compared to that for the perpendicular specimen. The difference between the plastic strains was interpreted on the basis of the differences in structural relaxation and residual stress among the three specimens.
(4) The fracture occurred along the maximum shear stress plane accompanying the generation of a high density of shear bands on the outer surface near the final fracture site. The fracture surface consisted of vein and smooth pattern regions and deformation-induced crystallization was not observed. There was no appreciable change in the compressive fracture behaviors of the three types of specimens.
